Abstract We have augmented the existing capabilities of the integrated Weather Research and Forecasting (WRF)-urban modeling system by coupling three urban canopy models (UCMs) available in the WRF model with the new community Noah with multiparameterization options (Noah-MP) land surface model (LSM). The WRF-urban modeling system's performance has been evaluated by conducting six numerical experiments at high spatial resolution (1 km horizontal grid spacing) during a 15 day clear-sky summertime period for a semiarid urban environment. To assess the relative importance of representing urban surfaces, three different urban parameterizations are used with the Noah and Noah-MP LSMs, respectively, over the two major cities of Arizona: Phoenix and Tucson metropolitan areas. Our results demonstrate that Noah-MP reproduces somewhat better than Noah the daily evolution of surface skin temperature and near-surface air temperature (especially nighttime temperature) and wind speed. Concerning the urban areas, bulk urban parameterization overestimates nighttime 2 m air temperature compared to the single-layer and multilayer UCMs that reproduce more accurately the daily evolution of near-surface air temperature. Regarding near-surface wind speed, only the multilayer UCM was able to reproduce realistically the daily evolution of wind speed, although maximum winds were slightly overestimated, while both the single-layer and bulk urban parameterizations overestimated wind speed considerably. Based on these results, this paper demonstrates that the new community Noah-MP LSM coupled to an UCM is a promising physics-based predictive modeling tool for urban applications.
Introduction
Six billion persons will reside in urban areas by 2050, which means that over 66% of the world's population will be urbanite (United Nations, Department of Economic and Social Affairs, Population Division, 2015) . To accommodate this growing urban population, large extensions of existing natural lands are urbanized and accommodated to warrant full supply of basic needs such as food, energy, and water. Compared to rural areas, built-up environments reduce the nocturnal cooling rates promoting the formation of the urban heat island phenomenon (Arnfield, 2003; Howard, 1833) . The urban heat island phenomenon is the manifestation of a warmer city compared to its surrounding rural neighborhoods, and its magnitude is a function of urban morphology, urban size, thermal properties of building materials, waste heat emission, and weather conditions. As a result, future city dwellers will be exposed to warmer temperatures due to the combined effects of urban expansion (i.e., urban heat island) and global warming (e.g., Argueso et al., 2013; Georgescu et al., 2013; Salamanca et al., 2015; Tewari et al., 2017; Vahmani et al., 2016) . Especially vulnerable are rapidly expanding built-up environments that experience frequently extreme heat conditions and make massive use of air-conditioning systems given that potential deficits on cooling energy needs are projected for these regions (Miller et al., 2007; Salamanca et al., 2013 Salamanca et al., , 2014 Salamanca et al., , 2015 .
Prior to any deployment plan to prevent potential unsustainable scenarios for urban regions at risk, it is essential to develop and evaluate (by means of numerical experiments) mitigation strategies that minimize the expected adverse impacts of urban expansion and global climate change such as warmer temperatures, poorer air quality, and larger energy demands (e.g., Sharma, Conry, et al., 2016; Tewari et al., 2017) . Therefore, development of reliable physics-based predictive modeling tools that are able to quantify co-benefits and reveal tradeoffs associated with the conversion of natural to urban landscapes is required. Within this context, we have augmented the existing capabilities of the integrated Weather Research and Forecasting (WRF; Skamarock et al., 2008) urban modeling system by coupling three urban canopy models (UCMs) available in the WRF model with the new community Noah with multiparameterization options (Noah-MP; Barlage et al., 2015; Niu et al., 2011; Yang et al., 2011) land surface model (LSM). In particular, the single-layer urban canopy model (SUCM) developed by Kusaka et al. (2001) and Kusaka and Kimura (2004) , the multilayer building effect parameterization (BEP) developed by Martilli et al. (2002) , and the multilayer building energy model (BEP + BEM) developed by Salamanca et al. (2011) have been dynamically integrated with the Noah-MP LSM and evaluated over a semiarid urban environment.
The above mentioned SUCM represents the urban geometry by means of infinitely long street canyons and recognizes three different urban surfaces in the urban canopy layer, namely, roofs, roads, and vertical walls. Radiation trapping and shadowing effects are taken into account (although the shadowing effects are turned off by default), and an exponential wind profile is prescribed in the urban canyon. Sensible heat fluxes from each urban facet are aggregated and passed to the WRF model in the atmosphere lowest layer. In addition, a diurnal profile of anthropogenic heat can be added as an extra source of sensible heat to consider waste heat emissions from anthropogenic activities. On the other hand, the multilayer BEP also recognizes the three previous urban surfaces but interacts directly with WRF through the whole urban canopy layer. Buildings (vertically distributed) are considered sources and sinks of heat and momentum from ground surface up to the highest building present in the urban domain. Finally, and to take into account the heat fluxes exchanged between the interior of the buildings and the outdoor environment (a fact that is not considered in the previous two UCMs), a simplified building energy model (BEM) was developed and integrated into the multilayer BEP in the most recent BEP + BEM urban modeling system (Salamanca et al., 2011) . This coupling allows estimating meteorologically related building energy consumption (i.e., due to air conditioners in summer and heating systems in winter) at city scale. These three UCMs were previously coupled to the Noah LSM (Chen et al., 1996; Chen & Dudhia, 2001; Ek et al., 2003) in WRF as a community tool to address urban environmental issues (see the integrated WRF-urban modeling system for more details; Chen et al., 2011) .
The Noah LSM has long been the default WRF LSM option and considers the land surface as a blend of surface elements defined by bulk surface properties (e.g., albedo). The new Noah-MP LSM uses multiple options for key land-atmosphere interaction processes to improve major Noah weaknesses in representing the seasonal and annual cycle of snow, hydrology, and vegetation . Unlike the Noah bulk surface treatment, Noah-MP contains a distinct vegetation canopy layer defined by a canopy top and bottom, crown radius, and leaves, with prescribed dimensions, orientation, density, and radiometric properties that allow Note. The air temperature and wind speed sensors are sited at 1.5 m and 3.0 m above ground surface and have an accuracy of ±0.4°C and ±1.5%, respectively. The accuracy for wind direction is ±5°. LLUC = Land Use-Land Cover. a HIR = high intensity residential, LIR = low intensity residential.
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the computation of canopy and the ground surface temperatures separately. In addition, Noah-MP incorporates a dynamic vegetation model that allows predicting the leaf area index and green vegetation fraction instead of using (when it is turned off) prescribed monthly values from a table. Multiple options are available for surface water infiltration and runoff, and groundwater transfer and storage including water table depth to an unconfined aquifer. Recent evaluation efforts showed that Noah-MP improves the simulation of land-surface water and heat exchange over different underlying surfaces such as snowpack, frozen soil, grassland, and forest (Barlage et al., 2015; Chen et al., 2014 Chen et al., , 2016 Gao et al., 2015; Yang et al., 2011) and demonstrated the utility of Noah-MP in assessing land surface modeling uncertainties (Zhang et al., 2016) .
Therefore, to improve the treatment of natural surfaces in both urban and rural regions, the Noah-MP LSM has been coupled to the existing UCMs in the WRF-urban modeling system. The performance of the resulting new WRF-urban options with Noah-MP is evaluated and compared with the corresponding UCMs coupled to Noah during a 15 day clear-sky summertime period in a semiarid urban environment. For the evaluation, WRF-modeled hourly output frequency is compared against daytime and nighttime Moderate Resolution Imaging Spectroradiometer (MODIS) land surface temperature, and urban and rural observations for air temperature, wind speed, and water vapor content. The outline of the article is as follows: data for model evaluation and numerical experiments are described in section 2. The discussion of the results is presented in section 3, and finally, conclusions are summarized in section 4.
Methodology
The basic function of a LSM and/or an UCM is to provide the lower boundary conditions (e.g., surface sensible and latent heat fluxes and surface skin temperature) for the coupled atmospheric model. This coupling (for grid cells classified as urban) is carried out through the urban fraction parameter that represents the proportion of impervious surfaces present in a grid cell. The LSM calculates the surface fluxes (and temperature) for the vegetated part, and the UCM provides the fluxes (and temperature) for the impervious surfaces. Finally, the total grid-scale sensible heat flux, for example, is estimated as the average of both sensible heat fluxes weighted by their respective fractional coverage. Grid-scale latent heat flux, upward longwave radiation flux, albedo, emissivity, and surface skin temperature are calculated in a similar way.
Here we use the nonhydrostatic (V3.7.1) version of the WRF model coupled to the Noah and Noah-MP LSMs to characterize the diurnal cycle of surface skin temperature, air temperature, wind speed, and water vapor content for the two major cities of Arizona: Phoenix and Tucson metropolitan areas. The LSMs are applied to the fraction with natural cover, and the urban parameterizations to the fraction with impervious surfaces in each grid cell. To evaluate the relative importance of representing urban surfaces at high spatial resolution (see section 2.2 for more details), three different urban-physics options available in the integrated WRFurban modeling system are used with each LSM.
Data for Model Evaluation
All WRF model simulations are verified against 11 rural (Aguila, Bonita, Buckeye, Coolidge, Desert Ridge, Harquahala, Maricopa, Paloma, Payson, Queen Creek, and Roll) and four urban (Mesa, Phoenix Encanto, Phoenix Greenway, and Tucson) Arizona Meteorological Network (AZMET; http://cals.arizona.edu/azmet) surface weather stations for air temperature, wind speed, and wind direction at hourly frequency (see Table 1 for more information). Specifically, WRF-modeled hourly output frequency is averaged over all rural stations (considering the nearest grid point to station location) and over all urban stations and compared (independently) with the corresponding averaged rural and urban observations during a 15 day clear-sky summertime period. In addition, vertical profiles of WRF-modeled potential temperature, wind speed, and water vapor content are compared against observations using daily sounding data available for the Tucson metropolitan area during the same period (http://weather.uwyo.edu/upperair/sounding.html). Finally, WRF-modeled surface skin temperature is compared against daytime and nighttime MODIS land surface temperatures (specifically, we use the MODIS/Aqua MYD11A1 and MODIS/Terra MOD11A1 satellite products), which are available on a daily basis at approximately 1 km spatial resolution (https://lpdaac.usgs.gov) 
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and with an accuracy better than 1°C in the range from À10°C to 50°C under clear-sky conditions (Wan et al., 2004) .
Numerical Experiments
We conducted six high spatial resolution WRF model experiments, each one covering the same 15 day clear-sky summertime period from 15 June (0000 LT) to 29 June (2300 LT) 2012, to evaluate the WRF model's ability to reproduce the diurnal cycle of near-surface meteorology. In particular, we compare WRF-modeled hourly output frequency against urban and rural observations for near-surface air temperature (i.e, 2 m air temperature), near-surface wind speed, and near-surface wind direction (i.e., 10 m wind speed and 10 m wind direction). Additionally, WRF-modeled potential temperature, wind speed, and water vapor content profiles are compared against observations available at 0500 LT and 1700 LT each day during the mentioned period. For this comparison, observed and modeled vertical profiles were interpolated to every 20 mb starting at 920 mb and up to 100 mb. Finally, WRF-modeled surface skin temperature is compared against daytime and nighttime MODIS/Terra (MOD11A1 product) and MODIS/Aqua (MYD11A1 product) land surface temperature observations that are available (on a daily basis) between 1030 LT and 1130 LT and between 1230 LT and 1330 LT, respectively, during the day, and between 2130 LT and 2230 LT and between 0030 LT and 0130 LT, respectively, during the night. Three WRF model experiments (hereafter denoted as Noah-BULK, Noah-SUCM, and Noah-BEPBEM experiments) are performed with the Noah LSM and three with the more advanced Noah-MP LSM (henceforth denoted as NoahMP-BULK, NoahMP-SUCM, and NoahMP-BEPBEM experiments). The acronyms BULK, SUCM, and BEPBEM stand for the different urban-physics options selected to represent the urban surface processes and correspond to the bulk urban parameterization (Liu et al., 2006) , the SUCM (Kusaka et al., 2001; Kusaka & Kimura, 2004) , and the multilayer building energy model BEP + BEM (Martilli et al., 2002; Salamanca et al., 2011) , respectively. The bulk urban parameterization is included in both Noah and Noah-MP LSMs and represents zero-order effects of urban surfaces. Although both bulk schemes are coupled to the atmosphere by considering different surface exchange coefficient formulations (see section 3.2.1), they assume common values for the entire urban domain (i.e., constant values for surface albedo, roughness lengths, volumetric heat capacity, and thermal conductivity) and presuppose an urban fraction of one in each urban grid cell. Despite its simplicity, the bulk urban parameterization has been successfully employed in real-time weather forecast (e.g., Liu et al., 2006 ).
All WRF model experiments share the same numerical domain that is composed of three two-way nested domains with 276 × 296, 250 × 283, and 391 × 364 grid points, distanced 9, 3, and 1 km, respectively. The vertical dimension is split in 40 eta levels, with 14 within the lowest 1.5 km. National Centers for Environmental Prediction Final Analysis data files (number ds083.2) are used to provide the initial and boundary conditions needed to conduct the WRF model experiments. The planetary boundary layer is parameterized with the one-and-a-half-order closure Bougeault and Lacarrere (1989) turbulent scheme. Radiative processes are parameterized with the Dudhia (1989) scheme for the shortwave radiation and with the Rapid Radiative Transfer Model (Mlawer et al., 1997) for the longwave radiation. Default model physics configuration is assumed for the Noah-MP LSM simulations with the dynamic vegetation model turned off.
Urban areas are characterized by means of three urban categories (namely, low-intensity residential, highintensity residential, and commercial or industrial areas) derived from the United States Geological Survey 30 m 2006 National Land Cover Data Set (Fry et al., 2011) in the inner domain, which includes the two major cities of Arizona: Phoenix and Tucson metropolitan areas (see Figure 1 ). Urban fraction and building parameters (e.g., building plan area fraction) needed with the UCMs are obtained from Burian et al. (2002) , who reported morphological characteristics for these three urban categories by analyzing an area centered on downtown Phoenix (the complete list of urban parameters is detailed in supporting information Table S1 ). Thermal properties for roofs, roads, and vertical walls are extracted from Clarke et al. (1991) and correspond to standard building materials. These thermal properties are described in the same supporting information Table S1 . MODIS land cover classification is used to characterize the nonurban land use categories.
Results and Discussion
Rural Areas (AZMET Weather Stations)
In this section, the WRF model's ability to simulate the observed diurnal cycle of near-surface air temperature and wind speed is analyzed during the 15 day clear-sky summertime period for the rural areas. Because the computational results are practically independent of the urban-physics option selected in the simulations (given that the urban parameterizations are not used in grid points classified as rural), only the two WRF model experiments Noah-BULK and NoahMP-BULK are explained here (results for the rest of WRF model simulations are summarized in Table 2 ). Figure 2 shows that both WRF model experiments captured realistically the daily evolution of near-surface air temperature, including maximum and minimum temperatures, although notably nighttime temperature was better replicated with the Noah-MP LSM (Figure 2c ).
was approximately 1.8°C with Noah-MP LSM and 2.2°C when Noah LSM was used instead (see Table 2 and supporting information Table S2 for day and night statistical summary separately). Similarly, WRF-modeled
was smaller with Noah-MP LSM (~1.5°C) than with Noah LSM (~2.1°C). In order to evaluate the WRF model's ability to reproduce the spatial variability of near-surface air temperature, we compared the standard deviation of observed and WRF-modeled 2 m air temperature at hourly frequency. Results show that neither Noah nor Noah-MP LSMs coupled to WRF were able to reproduce realistically the spatial variability of 2 m air temperature even though both WRF simulations were performed at high spatial resolution (see supporting information Figure S1 for more details).
In WRF, the 2 m air temperature (T 2m ) is a diagnostic variable calculated by means of the following formula:
where ρ is the air density, H is the grid-scale sensible heat flux, T s is the grid-scale surface skin temperature, c p is the specific heat at constant pressure, and C H2 is the surface exchange coefficient for heat computed at 2 m above ground. The calculation of C H2 is based on the Monin-Obukhov Similarity Theory (Monin & Obukhov, 1954) but is computed (by default) differently when Noah and Noah-MP LSMs are used. Niu et al. (2011) reported that Noah produces a greater C H2 than Noah-MP during dry weather periods, which lead to significant differences in sensible heat flux and surface skin temperature (see section 3.3), and that only changing the C H2 formulation in Noah-MP with that used in Noah, and both LSMs almost reproduced the same surface skin temperature. Consequently, our WRF-modeled 2 m air temperature differences are probably only due to the distinct C H2 formulations given that the improved representation of biophysical and hydrological processes in Noah-MP has minimal impacts for this semiarid and sparsely vegetated environment.
Figures 3 and 4 show the daily evolution of near-surface wind speed and wind direction, respectively. Even though both WRF model experiments replicated well the shape of the diurnal cycle of 10 m wind speed, Noah-MP LSM was able to reproduce better than Noah LSM the maximum and minimum daily peaks, effectively reducing the RMSE from 1.8 m s À1 to 1.4 m s À1 and the MAE from 1.6 m s À1 to 1.1 m s À1 (see Table 2 ). The diurnal variation of near-surface wind direction was captured well with both WRF model experiments. Based on these results reported for a semiarid environment, as also demonstrated by the scatterplots in Figure 5 , Noah-MP LSM reproduces to some extent better than Noah LSM the daily evolution of near-surface air temperature (especially nighttime temperature) and wind speed during the summer season, a statement reported previously for sensible and latent heat fluxes and surface skin temperature during dry periods (see Niu et al., 2011) .
Urban Areas 3.2.1. AZMET Weather Stations
In this section, we analyze the WRF model's ability to reproduce the observed diurnal cycle of near-surface air temperature and wind speed over Phoenix and Tucson metropolitan areas. When the bulk urban parameterization is used, 2 m air temperature is calculated in the same way that describes equation (1) but using urban-specific values to characterize the urban surface (i.e., specific roughness length, surface albedo, etc). Similarly, when the SUCM is selected, near-surface air temperature is calculated using the previous equation (1) but the grid-scale sensible heat flux is estimated as the average of the sensible heat fluxes from the pervious and impervious surfaces weighted by their respective fractional coverage. Grid-scale surface skin temperature is computed in the same way (i.e., as the weighted average of the surface skin temperature of the pervious and impervious surfaces). However, when the multilayer BEP or BEP + BEM are used in WRF, 2 m air temperature is not anymore a diagnostic variable. That is, although grid-scale sensible heat flux is computed as a weighted average, the T 2m is defined as the air temperature of the atmosphere lowest layer. 
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Figure 6 shows six scatterplots (one for each numerical experiment) of WRF-modeled versus observed 2 m air temperature for the entire 15 day clear-sky summertime period. Both SUCM and BEP + BEM urban modeling systems were able to reproduce the daily evolution of near-surface air temperature, including maximum and minimum temperatures, although both urban schemes overestimated slightly the 2 m air temperature (summarized in Table 3 ). Regardless of using Noah or Noah-MP, the bulk urban parameterization was not able to replicate realistically nighttime temperature (see Figures 6e and 6f and supporting information Figure S2 ), although notably Noah-MP LSM reduced the RMSE from 2.8°C to 2.4°C and the MAE from 2.4°C to 2.0°C when using the bulk scheme (see Table 3 and supporting information Table S2 for more details). In spite of this notable 2 m air temperature correspondence to observations, no urban parameterization coupled to WRF was able to reproduce realistically the near-surface air temperature variability, although clearly both the 
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single-layer and multilayer UCMs performed better than the bulk urban parameterization (see supporting information Figure S1 for more details). Figure 7 shows six scatterplots of WRF-modeled versus observed near-surface wind speed for the entire 15 day clear-sky summertime period. Clearly, only the multilayer building energy model BEP + BEM was able to reproduce accurately the shape of the daily evolution of near-surface wind speed, including maximum and minimum wind speeds, although maximum winds were slightly overestimated (see supplementary Figure S3 for additional details), which seems a common problem in WRF simulations for both urban and rural areas . The RMSE and MAE were below 1.6 m s À1 and 1.3 m s
À1
, respectively, for both NoahMP-BEPBEM and Noah-BEPBEM WRF model experiments (see Table 3 ). On the other hand, the SUCM and bulk urban parameterization overestimated significantly near-surface wind speed, a common deficiency of both urban-physics options reported previously (e.g., Grossman-Clarke et al., 2010; . In spite of the significant variability, all WRF model experiments captured realistically the daily evolution of near-surface wind direction (see Figure 8 , Table 3 , and supporting information Figure S4 for more details).
Based on these results reported for Phoenix and Tucson metropolitan areas, the bulk urban parameterization overestimates nighttime near-surface air temperature, which is better captured with the single-layer and multilayer UCMs (i.e, SUCM and BEP + BEM urban modeling systems, respectively). On the other hand, only the multilayer BEM is able to reproduce realistically near-surface wind speed given that both bulk and single-layer urban parameterizations overestimated it significantly.
Tucson Sounding Data
Here we analyze the WRF's model ability to reproduce the observed vertical profiles of potential temperature, wind speed, and water vapor content over the Tucson metropolitan area. Figure 9 shows observed and WRFmodeled (at 0500 LT) mean potential temperature profiles (and their difference) averaged for the entire 
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15 day clear-sky summertime period. All WRF model experiments were able to reproduce accurately the atmospheric thermal stratification at this time of the day. The RMSE for the highest-pressure level (i.e., 920 mb) was below 1.7°C for both Noah-BEPBEM and NoahMP-BEPBEM WRF model experiments. WRFmodeled RMSE was below 1.8°C for both Noah-SUCM and NoahMP-SUCM, and lower than 1.9°C when the bulk urban parameterization was used instead. The thermal stratification at 1700 LT was also well captured by all WRF model experiments, and every one reproduced adequately the observed unstable layer near the ground (see supporting information Figure S5 for the corresponding vertical profiles).
Observed and WRF-modeled mean wind speed profiles (and their difference) averaged for the entire 15 day clear-sky summertime period (at 0500 LT) are shown in Figure 10 . All WRF model experiments replicated well wind speed below 600 mb pressure level (and down to 900 mb) but underestimated it to some extent above 600 mb. In addition, near-surface wind speed was overestimated by all WRF model experiments. The RMSE (for the highest-pressure level) was below 2.2 m s À1 for both Noah-BEPBEM and NoahMP-BEPBEM WRF model experiments. WRF-modeled RMSE was below 2.6 m s À1 for both Noah-SUCM and NoahMP-SUCM, and lower than 2.7 m s À1 when the bulk urban parameterization was used. All WRF model experiments (at 1700 LT) underestimated to some extent wind speed below 500 mb pressure level (and down to 900 mb), but it was well replicated above 500 mb (see supporting information Figure S6 for the corresponding profiles).
Observed and WRF-modeled mean water vapor content profiles (and their difference) averaged for the entire 15 day clear-sky summertime period (at 0500 LT) are shown in Figure 11 . Every WRF model experiment replicated accurately the water vapor content profile from top to bottom, excluding those performed with the Noah LSM, which underestimated to some extent water vapor content near the ground (see Figure 11b ). All WRF-modeled RMSEs (for the highest-pressure level) were below 1.2 g kg À1 when Noah-MP LSM was selected, and lower than 1.5 g kg À1 when Noah LSM was used instead. The same feature was modeled at To gain further insight into these results given that near-surface water vapor content was independent of the urban parameterization used, Figure 12a illustrates the mean daily evolution of WRF-modeled 2 m water vapor content for both Noah-BULK and NoahMP-BULK experiments averaged for the entire 15 day clear-sky summertime period and across all AZMET rural sites. Clearly, Noah-MP LSM produced higher near-surface water vapor content (and latent heat flux, see Figure 12b ) than Noah LSM across the diurnal cycle. Consequently, a larger transport of water vapor from rural to urban areas was simulated with Noah-MP LSM, which explains the slightly lower near-surface water vapor content profiles simulated with Noah LSM over Tucson metropolitan area. Therefore, the Noah-MP LSM is wetter and reproduces better than Noah LSM the daily evolution of near-surface water vapor content during summertime, a statement reported previously for surface latent heat flux during dry periods (see Niu et al., 2011) .
3.3. Urban and Rural Areas 3.3.1. Daytime MODIS Land Surface Temperature Here the WRF model's ability to reproduce daytime surface skin temperature is evaluated by comparing WRFmodeled mean surface skin temperature (averaged for the entire 15 day clear-sky summertime period) against the corresponding daily 15 day averaged MODIS/Aqua and MODIS/Terra satellite observations retrieved at 1 km spatial resolution.
Modeled mean surface skin temperature (at 1300 LT) across the Phoenix region is shown in Figure 13 for all WRF model experiments. Clearly, a warmer surface skin temperature (~54-58°C) was simulated with the Noah-MP LSM compared to the Noah LSM (~52-54°C) in the south and southwest rural areas of Phoenix Niu et al. (2011) reported that Noah promotes a lower heating of the land surface during the midday hours because it produces a greater surface exchange coefficient C H2 than Noah-MP, which explains the major cold bias computed with the Noah LSM. Notably significant are also the differences simulated within the urban metropolitan area. WRF-modeled mean surface skin temperature ranged from 48°C to 50°C with the SUCM, from 52°C to 54°C with the bulk urban parameterization, and from 54°C to 56°C with the multilayer BEP + BEM. WRF-modeled mean surface skin temperature (at 1300 LT) across the Tucson region is shown in Figure 14 . Similarly, the surface skin temperature simulated with the Noah-MP LSM was~2°C warmer than with the Noah-LSM in the south and northwest of Tucson metropolitan area. Significant differences were also computed within the urban domain. WRF-modeled mean surface skin temperature ranged between 46°C and 48°C with the SUCM, between 50°C and 52°C with the bulk urban parameterization, and between 52°C and 54°C with the multilayer BEP + BEM.
MODIS/Aqua land surface temperature averaged for the entire 15 day clear-sky summertime period for both semiarid urban regions is shown in Figures 15a and 15b . The observed spatial means of land surface temperature aggregated across the Phoenix and Tucson regions were 55.2°C and 53.9°C, respectively. Misleading records were removed by considering only pixels with land surface temperatures greater than 25°C. Table 4 shows the corresponding WRF-modeled spatial means computed for both Phoenix and Tucson regions, respectively. Particularly accurate are the spatial means computed with the Noah-MP LSM, which are~2°C (~1.4°C) warmer for the Phoenix (Tucson) region than the corresponding spatial means computed with the Noah LSM. Concerning the urban metropolitan areas, the multilayer BEM reproduced somewhat better than both the single-layer and bulk urban parameterizations the surface skin temperature at this time of the day (1300 LT). The same features were modeled at 1100 LT, that is, all WRF model experiments reproduced realistically the mean surface skin temperature (see Table 4 ) but those conducted with the Noah-MP LSM reduced the cold bias by~1.4 C and by~0.8°C for the Phoenix and Tucson regions, respectively. Similarly, the multilayer BEP + BEM replicated better than both the single layer and bulk urban parameterizations the mean surface skin temperature at this time of the day.
A possible explanation for the low surface skin temperature modeled with the SUCM is found in Li and BouZeid (2014) . As for the near-surface air temperature (see section 3.2.1), the SUCM uses a surface exchange coefficient approach for the determination of the surface skin temperature of the impervious surfaces T s(impervious) that is generated as a diagnostic variable according to the following equation:
where H impervious is the sensible heat flux from the impervious surfaces, T a is the air temperature of the atmosphere lowest layer, and C H is the transfer coefficient that corresponds to the first level of the atmospheric model. The bulk urban parameterization uses the same approach, but the grid-scale surface skin temperature is not computed as a weighted average because the urban fraction is assumed to be one. Li and Bou-Zeid (2014) investigated the impact of different thermal roughness length formulations (z 0T ) on surface skin temperature with the SUCM. They reported that by using a modified formulation of the original Zilitinkevich's (1995) approach, the daytime bias is reduced significantly. Here for the determination of z 0T to compute the transfer coefficient C H , the default approach is used (Chen & Dudhia, 2001 ) because our main goal is to present the new capabilities of the integrated WRF-urban modeling system and not to analyze the sensitivity of the results to the simulation setup. In any case, it is striking that the 2 m air temperature was well reproduced with the SUCM coupled to both Noah and Noah-MP LSMs but not the diurnal cycle of surface skin temperature (see also section 3.3.2). Unlike the SUCM and bulk urban parameterization, the multilayer UCMs BEP and BEP + BEM estimate the surface skin temperature applying the conservation of energy (i.e., Stefan-Boltzmann law) to the total upwelling long-wave radiation that leaves the urban canopy layer. The approach used in BEP and BEP + BEM calculated a surface skin temperature more consistent and comparable to the MODIS satellite temperature. 
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Modeled mean surface skin temperature (at 2200 LT) across the Phoenix region is shown in Figure 16 for all WRF model experiments. Unlike the daytime, a slightly colder surface skin temperature (~28-30°C) was simulated with the Noah-MP LSM compared to the Noah LSM (~30-32°C) in the west and southwest rural areas of Phoenix metropolitan area. However, significant differences were simulated within the urban domain. Contrary to the daytime, the coldest surface skin temperature was simulated with the multilayer BEM and the warmer skin temperature with the SUCM. WRF-modeled mean surface skin temperature ranged from 32°C to 34°C with the multilayer BEP + BEM and from 34°C to 36°C with the single-layer and bulk urban parameterizations, with the former exceeding 36°C in some high-intensity residential areas. WRF-modeled mean surface skin temperature (at 2200 LT) across the Tucson region is shown in Figure 17 . Similarly, the surface skin temperature simulated with the Noah LSM was slightly warmer (~2°C) than with the Noah-MP LSM in some small areas in the northwest of Tucson metropolitan area. Equally, significant differences were computed within the urban domain. WRF-modeled mean surface skin temperature ranged between 28°C and 32°C with the multilayer BEP + BEM, between 30°C and 34°C with the SUCM, and between 32°C and 34°C with the bulk urban parameterization. MODIS/Terra land surface temperature averaged for the entire 15 day clear-sky summertime period for both semiarid regions is shown in Figures 15c and 15d . The observed spatial means of land surface temperature aggregated across the Phoenix and Tucson regions (by considering only pixels with land surface temperatures greater than 15°C) were 26.9°C and 23.8°C, respectively. Table 5 shows the corresponding WRF-modeled spatial means computed for both Phoenix and Tucson regions, respectively. Like before, notably accurate are the spatial means computed with the Noah-MP LSM, which are~0.7°C (~0.5°C) colder for the Phoenix (Tucson) region than the corresponding spatial means computed with the Noah LSM. Concerning the urban metropolitan areas, the multilayer BEM reproduced again somewhat better than both the single-layer and bulk urban parameterizations the surface skin temperature at this time of the night (2200 LT). The same characteristics were modeled at 0100 LT, that is, all WRF model experiments reproduced realistically the mean surface skin temperature (see Table 5 ) but those conducted with the Noah-MP LSM reduced the warm bias by~0.5°C and by~0.6°C for the Phoenix and Tucson regions, respectively. Similarly, the multilayer BEP + BEM replicated better than both the single-layer and bulk urban parameterizations the mean surface skin temperature at this time of the night.
Summary and Conclusions
Prior to any deployment plan, it is essential to develop and evaluate mitigation strategies that minimize the expected adverse impacts of urban expansion and global warming. Therefore, development of reliable physics-based predictive modeling tools that are able to quantify co-benefits and reveal tradeoffs associated with the conversion of natural to urban landscapes is required. In this context, we have augmented the existing capabilities of the integrated WRF-urban modeling system by coupling three UCMs available in WRF with the more advanced Noah-MP LSM. The newly coupled integrated WRF-urban modeling system was evaluated by performing six high spatial resolution numerical experiments during a 15 day clear-sky summertime period for a semiarid urban environment. To estimate the relative importance of representing urban surfaces at high spatial resolution, three different urban-physics options were selected with the Noah and Noah-MP LSMs.
Our results confirm that the new Noah-MP LSM improves the WRF model's ability to reproduce the daily evolution of surface skin temperature and near-surface air temperature and wind speed compared to the former Noah LSM. WRF-modeled RMSE was reduced from 2.2°C to 1.8°C for 2 m air temperature and from 1.8 m s À1 to 1.4 m s À1 for 10 m wind speed when Noah-MP LSM was used instead of Noah LSM in the rural areas.
Concerning the built-up environments, the single-layer and multilayer UCMs reproduced better the daily evolution of near-surface air temperature, especially the nighttime temperature, compared to the bulk urban parameterization that overestimated it considerably. WRF-modeled mean absolute error ranged between 1.4°C and 1.8°C with both UCMs and between 2.0°C and 2.4 C when the bulk urban parameterization was used instead. Regarding near-surface wind speed, only the multilayer BEM was able to reproduce realistically the daily evolution of near-surface wind speed, including maximum and minimum wind speeds, given that both the single-layer and bulk urban parameterizations (with default roughness length values) overestimated it considerably. WRF-modeled RMSE was below 1.6 m s À1 with the multilayer BEM and larger than 2.3 m s
À1
when both the single-layer and bulk urban parameterizations were used instead. Additionally, the daytime surface skin temperature correspondence to observations was improved significantly with the Noah-MP LSM by reducing the cold bias by~1.4°C and by~2.0°C (at 1300 LT), and by~0.8°C and by~1.4°C (at 1100 LT) for the Tucson and Phoenix regions, respectively. Concerning the nighttime surface skin temperature correspondence to observations, the Noah-MP LSM reduced the warm bias by~0.5°C and by~0.7°C (at 2200 LT), and by~0.6°C and by~0.5°C (at 0100 LT) for the Tucson and Phoenix regions, respectively. Regarding the urban metropolitan areas, only the multilayer BEM was able to simulate properly the daily evolution of surface skin temperature given that both the single-layer and bulk urban parameterizations underestimated significantly its diurnal cycle amplitude.
As a final point, we conclude by pointing out that these results have been obtained during a clear-sky summertime period for a semiarid environment and should not be extrapolated to other seasons or nonsemiarid environments. 
